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Abstract
We have examined cell-cycle dependence of chromosomal aberration induction and cell killing after high or low dose-rate c
irradiation in cells bearing DNA-PKcs mutations in the S2056 cluster, the T2609 cluster, or the kinase domain. We also
compared sister chromatid exchanges (SCE) production by very low fluences of a-particles in DNA-PKcs mutant cells, and in
homologous recombination repair (HRR) mutant cells including Rad51C, Rad51D, and Fancg/xrcc9. Generally, chromosomal
aberrations and cell killing by c-rays were similarly affected by mutations in DNA-PKcs, and these mutant cells were more
sensitive in G1 than in S/G2 phase. In G1-irradiated DNA-PKcs mutant cells, both chromosome- and chromatid-type breaks
and exchanges were in excess than wild-type cells. For cells irradiated in late S/G2 phase, mutant cells showed very high
yields of chromatid breaks compared to wild-type cells. Few exchanges were seen in DNA-PKcs-null, Ku80-null, or DNA-PKcs
kinase dead mutants, but exchanges in excess were detected in the S2506 or T2609 cluster mutants. SCE induction by very
low doses of a-particles is resulted from bystander effects in cells not traversed by a-particles. SCE seen in wild-type cells
was completely abolished in Rad51C- or Rad51D-deficient cells, but near normal in Fancg/xrcc9 cells. In marked contrast,
very high levels of SCEs were observed in DNA-PKcs-null, DNA-PKcs kinase-dead and Ku80-null mutants. SCE induction was
also abolished in T2609 cluster mutant cells, but was only slightly reduced in the S2056 cluster mutant cells. Since both non-
homologous end-joining (NHEJ) and HRR systems utilize initial DNA lesions as a substrate, these results suggest the
possibility of a competitive interference phenomenon operating between NHEJ and at least the Rad51C/D components of
HRR; the level of interaction between damaged DNA and a particular DNA-PK component may determine the level of
interaction of such DNA with a relevant HRR component.
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Introduction
The catalytic subunit of DNA dependent protein kinase (DNA-
PKcs) is the key regulator of non-homologous end-joining (NHEJ),
the predominant DNA double-strand break (DSB) repair mech-
anism in mammals. DNA-PKcs is recruited to DSBs through the
DNA-binding heterodimer Ku70/80, and together with these
factors form the kinase active DNA-PK holoenzyme [1]. The
biological significance of DNA-PKcs first became evident with the
finding that mutation within the gene encoding DNA-PKcs led to
severe combined immunodeficiency (SCID) in mice and other
animals [2,3]. The other major phenotypic trait coffered by DNA-
PKcs mutations was severe hypersensitivity to ionizing radiation
(IR) and radiomimetic chemicals [4]. Kurimasa et al. confirmed
the requirement of DNA-PKcs kinase activity for DSB rejoining
after irradiation [5]. DNA-PKcs activation upon IR or treatment
with radiomimetic chemicals rapidly results in phosphorylation of
DNA-PKcs in the S2056 and the T2069 phosphorylation cluster
regions [6–9]. Studies of DNA-PKcs mutant cell lines indicate that
these phosphorylations are required for full DSB repair capacity
and normal cellular radiosensitivity.
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DNA-PKcs and its downstream NHEJ components are active in
all cell cycle phases. In contrast, homologous recombination repair
(HRR), another major DSB repair mechanism, contributes to
DSB repair and cellular survival only during S and G2 phases
[10,11]. To clarify the significance of DNA-PKcs activities in
NHEJ-mediated DSB repair and in radiosensitivity, it is important
to study synchronous cell populations at different phases through-
out the cell cycle. We reported previously that cells expressing
DNA-PKcs with mutations in the S2056 cluster, the T2609
cluster, or the PI3K kinase domain have clear differences in
radiosensitivities when mutant cells were irradiated in the G1
phase [12]. Expression of DNA-PKcs with mutations in the T2609
cluster (L-3) or in the PI3K kinase domain (L-8, L-9, L-10, and L-
11) results in extreme radiosensitivity, similar to that of Ku70/80-
deficient xrs-5 and xrs-6 cells; however, mutations in the S2056
cluster (L-12) result in intermediate radiosensitivity [12].
DNA-PKcs mutants, V3 (DNA-PKcs null) and irs-20 (extreme
c-terminal motif mutant) cause extreme and moderate radiosen-
sitivity, respectively. These radiosensitive mutant cell strains
respond to radiation in a cell-cycle-dependent manner and display
enhanced radiation-induced cell cycle delay. In plateau phase G1
cells, a greatly reduced potentially lethal damage repair (PLDR),
sub-lethal damage repair (SLDR), and a great reduction or
absence of a dose-rate effect are observed [13–17]. Chinese
Hamster Ku70/80-deficient xrs-5 and xrs-6 cell lines are more
radiosensitive than wild-type cells and the radiosensitivity does not
depend on cell cycle stage. In addition, these cells show no PLDR
and no dose-rate effect. In these respects xrs-5 and xrs-6 are
similar to ATM-deficient cell strains [18–25].
In connection with the DNA-PKcs phosphorylation-defective
mutants described above, we have also reported other results
indicating that HRR was required for the induction of SCEs by
alpha particles [26,27]. We have further investigated this in more
detail in the present study by comparing SCE induction after very
low doses of a-particles in cells that express the mutations in DNA-
PKcs described above. The doses were sufficiently low that the
observed levels of induced SCE could be attributed to effects
produced in unirradiated ‘‘bystander’’ cells. In the present study,
we compared radiosensitivity phenotypes among cell lines that
express mutant versions of components of NHEJ system (DNA-
PKcs, Ku80) or components of HRR system. We also examined
the cell cycle dependence of chromosomal aberration induction
and cell killing after high and low dose-rate c irradiation.
Materials and Methods
Cell lines and synchrony
For these studies, we employed the wild-type Chinese hamster
cell lines CHO [28] and AA8 [29], NHEJ- deficient mutant lines
xrs-5 [30] and V3 [31], HRR mutant lines irs-3 [32], CL-V4B
[33], 51D1 [34], Fanconi anemia (FA) mutant (KO40) [35], and
cell lines derived from DNA-PKcs-null V3 cells complemented
with human DNA-PKcs cDNA containing amino acid substitu-
tions at various positions [5–7,12,36] that are described in Tables 1
and 2. The cells were maintained at 37uC in a humidified 95%
air/5% CO2 atmosphere in Eagle’s minimal essential medium
(MEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), penicillin (50 mg/ml), and streptomycin (50 mg/ml).
When the cultures approached 30% confluence in T-25 tissue
culture flasks or Mylar-dishes, the normal growth medium was
replaced twice at 24-hour intervals with isoleucine-deficient MEM
containing 5% 36dialyzed FBS to synchronize the cells in the G1
phase [37]. G1 synchronized cells were released in normal growth
medium for 12 hours to achieve synchrony in late S/G2 phase of
T
a
b
le
1
.
A
m
in
o
ac
id
su
b
st
it
u
ti
o
n
s
in
th
e
D
N
A
-P
K
cs
co
n
st
ru
ct
s.
C
e
ll
li
n
e
/c
o
d
e
D
N
A
-P
K
cs
m
u
ta
n
ts
S
2
0
5
6
cl
u
st
e
r1
T
2
6
0
9
cl
u
st
e
r1
P
I3
K
R
a
d
-S
e
n
s4
S
2
0
2
3
S
2
0
2
9
S
2
0
4
1
S
2
0
5
1
S
2
0
5
6
T
2
6
0
9
S
2
6
1
2
T
2
6
2
0
S
2
6
2
4
T
2
6
3
8
T
2
6
4
7
Y
3
7
1
5
D
3
9
2
1
L-
1
w
ild
ty
p
e
N
*
L-
3
V
3
-6
A
(T
2
6
0
9
cl
u
st
e
r
to
A
)
A
A
A
A
A
A
SS
S*
L-
6
V
3
-T
2
6
0
9
A
A
S
L-
7
V
3
(e
m
p
ty
ve
ct
o
r)
SS
S*
L-
1
0
V
3
-K
C
2
3
(k
in
as
e
d
e
ad
)2
D
SS
S*
L-
1
1
V
3
-K
D
5
1
(k
in
as
e
d
e
ad
)3
N
SS
S*
L-
1
2
V
3
-5
A
(S
2
0
5
6
cl
u
st
e
r
to
A
)
A
A
A
A
A
S*
L-
1
4
V
3
-3
A
(T
2
6
0
9
A
/T
2
6
3
8
A
/T
2
6
4
7
A
)
A
A
A
SS
1
.
Se
ri
n
e
(S
)
an
d
th
re
o
n
in
e
(T
)
w
e
re
re
p
la
ce
d
w
it
h
al
an
in
e
(A
)
at
S2
0
5
6
an
d
T
2
6
0
9
cl
u
st
e
r
si
te
s.
2
.
V
3
-K
C
2
3
m
u
ta
n
t
ca
rr
ie
s
a
fr
am
e
-s
h
if
t
at
p
o
si
ti
o
n
o
f
am
in
o
ac
id
3
7
1
5
th
at
re
su
lt
s
in
tr
u
n
ca
ti
o
n
o
f
th
e
p
ro
te
in
af
te
r
1
0
am
in
o
ac
id
s
an
d
lo
ss
o
f
th
e
e
n
ti
re
P
I3
K
ki
n
as
e
d
o
m
ai
n
.
3
.
In
V
3
-K
D
5
1
m
u
ta
n
t
as
p
ar
ti
c
ac
id
(D
)
at
3
9
2
1
is
re
p
la
ce
d
w
it
h
as
p
ar
ag
in
e
(N
).
4
.N
:N
o
rm
al
;S
:S
lig
h
tl
y
se
n
si
ti
ve
;S
S,
Se
n
si
ti
ve
;S
SS
:V
e
ry
se
n
si
ti
ve
.L
e
ve
ls
ar
e
fr
o
m
a
p
re
vi
o
u
s
re
p
o
rt
o
n
su
rv
iv
al
re
sp
o
n
se
s
fr
o
m
th
is
la
b
o
ra
to
ry
;S
e
n
si
ti
vi
ti
e
s
m
ar
ke
d
b
y
th
e
*
w
e
re
th
o
se
co
n
fi
rm
e
d
in
d
e
p
e
n
d
e
n
tl
y
in
th
e
p
re
se
n
t
st
u
d
y.
d
o
i:1
0
.1
3
7
1
/j
o
u
rn
al
.p
o
n
e
.0
0
9
3
5
7
9
.t
0
0
1
Radiosensitive Effects of Various DNA-PKcs Mutants
PLOS ONE | www.plosone.org 2 April 2014 | Volume 9 | Issue 4 | e93579
cell cycle. As shown in Table 2, G1 cell populations were relatively
pure as judged by quantification of bromo-29-deoxyuridine (BrdU)
following a 30 minute-pulse labeling; BrdU specifically labels S
phase cells. Experiments shown were performed with G1
populations containing 1–12% S phase cells.
Irradiation and colony formation
For acute high dose-rate exposures, cells were irradiated with a
J. L. Shepherd and Associates irradiator that emitted 137Cs c-rays
at a dose rate of 2.5 Gy/min. For the low dose rate 137Cs c-ray
irradiations, a J. L. Shepherd and Associates Model 81-14 beam
irradiator containing a single relatively low activity (nominal 28 Ci)
137Cs source placed 100 cm above a water-jacketed CO2
incubator that was maintained at 37uC. For the colony formation
assay, different dose rates were achieved by placing cultures on
shelves in the incubator located at different distances below the
source during 8 days of continuous low-dose-rate irradiation [17].
For a-particle irradiation, cells were cultured on the Mylar
dishes and were placed over a Mylar window in the exposure well
of specially constructed irradiator that provides a uniform source
of well-characterized 3.07 MeV a-particles. The source consisted
of 296 MBq of 238PuO2 electrodeposited onto one side of a 100-
mm diameter stainless steel disk. The cells were irradiated from
below in a helium environment, and the a-particles traversed a
reciprocating collimator before reaching the Mylar window. The
target-to-source distance is 42 mm in helium gas, 6 mm in air, and
3 mm in Mylar. Dose was controlled by a timer and precision
photographic shutter, which allowed accurate doses of irradiation
[38].
Survival curves were obtained by measuring the colony-forming
ability of irradiated cell populations. Cells were plated immediately
after irradiation onto 100-mm plastic Petri dishes and incubated
for 8–10 days. Colonies were fixed with 100% ethanol and stained
with 0.1% crystal violet solution. A colony with more than 50 cells
was scored as a survivor.
Chromosome analysis
Synchronized G1-phase cells were subcultured into three T25
plastic flasks and cultured in fresh medium containing 10 mM
BrdU for the first and second cycle cells after irradiation. At
4 hour intervals beginning 13 hours after subculture, colcemid
was added to one of the three flasks to arrest cells in the first
mitosis after subculture; total sampling time thus covered
12 hours. Most cells moved into the first and second rounds of
mitosis after 13–18 hours and 25–35 hours post irradiation,
respectively. The cells were fixed in methanol:acetic acid (3:1),
and chromosomes were spread by air dry method [39]. The
differential staining of cells in first and second rounds of mitosis
were performed by the fluorescence plus Giemsa technique [40].
Chromosome aberration was analyzed at peak mitotic indices after
irradiation. In brief, exponentially growing cells were irradiated
with 137Cs c-rays at a dose rate of 2.5 Gy/min. Colcemid was
added to a final concentration of 0.1 mg/ml at 30 min after
irradiation, and the cells were harvested 4 hours later; under these
conditions the mitotic cells collected would have been in late S/G2
phase of cell cycle at the time of irradiation [41]. For sister
chromatid exchange (SCE), irradiated cells were cultured in
complete MEM containing 10 mM BrdU for two rounds of cell
Table 2. Induction of SCE with 0.7 mGy a-particle irradiation.
Cell line Defective gene Origin MDT1 (hrs) % in S-phase SCE per chromosome
0 mGy 0.7 mGy
Wild type
CHO None Wild type 14 3.4 0.33660.030 0.43760.058
AA8 None CHO 13 1.4 0.33260.009 0.44060.016
NHEJ mutants
xrs-5 Ku802/2 CHO 18 10.5 0.44260.048 1.28160.1702
V3 DNA-PKcs2/2 AA8 18 0.8 0.38760.069 0.60760.0733
HR/FA mutants
Irs-3 Rad51C V79 14 6.3 0.16160.009 0.16960.001
CL-V48 Rad51C V79 15 3.4 0.15660.008 0.14860.006
51D1 Rad51D AA8 24 7.9 0.32660.015 0.30260.026
KO40 Fancg/xrrc9 AA8 20 13.9 0.33260.014 0.44360.0173
DNA-PKcs mutants
L-1 V3 (wild-type) V3 18 0.8 0.30360.098 0.43060.110
L-3 V3-6A (T2609 cluster to A) V3 14 7.7 0.34760.013 0.35760.028
L-6 V3-T2609A V3 17 12.2 0.30560.069 0.32760.003
L-10 V3-KC23 (kinase dead) V3 18 12.1 0.42160.042 1.31660.014
L-11 V3-KD51 (kinase dead) V3 16 2 0.50560.056 0.91660.002
L-12 V3-5A (S2056 cluster to A) V3 16 2 0.26960.012 0.42560.053
L-14 V3-3A (T2609A/T2638A/T2647A) V3 ND 6.1 0.33260.014 0.33260.014
1. MDT: mean doubling time.
2. Cells were irradiated with 0.35 mGy.
3. Cells were irradiated with 0.18 mGy;
doi:10.1371/journal.pone.0093579.t002
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replication, and colcemid was added prior to the peak of second
mitoses [42].
Statistical analysis
All statistical analyses were performed using Prism GraphPad
(version 6.02) software. Statistical significance was diagnosed by t-
test and defined as p,0.05, but values of p,0.01, p,0.001 and
p,0.0001 are shown as well to indicate level of confidence.
Results
Our previous investigation with G1-synchronized V3 cells and
derivative cell lines expressing DNA-PKcs mutants revealed the
contributions of the S2056 and T2609 clusters and the PI3K
domain to NHEJ-dependent DSB repair and clonogenic survival
[12]. In the current study, we examined the impact of DNA-PKcs
domains on radiosensitivity for cell killing and chromosomal
aberration induction following irradiation during different cell
cycle phases. Radiosensitivities for cell killing of wild-type and
various NHEJ-deficient mutant cells (Table 1) were investigated in
synchronous cell populations in G1 or late S/G2 phases of the cell
cycle. The synchronized cell populations were irradiated with c-
rays and reseeded to evaluate clonogenic survival (Fig. 1). In
comparison to the wild-type Chinese Hamster cells (CHO and
AA8), Ku70/80-deficient xrs-5 cells were extremely radiosensitive,
and, as previously reported, survival was not affected by the stage
of the cell cycle at the time of irradiation [24]. DNA-PKcs-
deficient V3 cells were also highly radiosensitive, but cells
irradiated in the late S/G2 phase of cell cycle had enhanced
survival compared to those irradiated in G1 (Fig. 1A). Similarly,
cells expressing DNA-PKcs mutants defective at the T2609 cluster
(L-3, Fig. 1B), the PI3K kinase domain (L-10 and L-11, Fig. 1C),
or the S2056 cluster (L-12, Fig. 1D) all exhibited higher cell
survival when irradiated in late S/G2 than in G1, although this
effect was not as prominent as that observed for the wild-type
CHO cells (Table 3).
Wild-type, xrs-5 and DNA-PKcs mutant cells were examined
for chromosome and chromatid-type aberrations induced by
various doses of c-rays (Fig. 2). Generally, DNA-PKcs mutant cells
displayed more chromosomal aberrations per unit dose than wild-
type CHO cells regardless whether irradiation occurred at G1 or
late S/G2 phases. When the cells were irradiated in the G1 phase,
relative to wild-type cells significantly elevated frequencies of
radiation-induced breaks and exchanges were observed; levels of
these aberrations were similar in cells with DNA-PKcs protein
defective at the T2609 cluster, the PI3K domain or the S2056
cluster and in Ku-deficient xrs-5 cells (Fig. 2A, 2B). As previously
noted, relatively few chromatid-type aberrations were induced by
G1 irradiation of wild-type cells but were numerous in NHEJ-
deficient mutant cells (Fig. 2A, 2B) [12,15]. When the cells were
irradiated in the late S/G2 phase of the cell cycle, frequencies of
radiation-induced chromosome breaks or deletions were similar in
all DNA-PKcs mutant cells and were significantly different from
wild-type cells (Fig. 2C). There were obvious differences between
xrs-5 cells and DNA-PKcs mutant cells: After irradiation with
0.5 Gy in late S/G2 phase, approximately 3 to 5 times more
chromatid breaks were observed in xrs-5 cells than in DNA-PKcs
mutant cells (Fig. 2C). It is notable that after 1 Gy irradiation
during the late S/G2 phase of the cell cycle, very few xrs-5 mitotic
cells were collected due to a long delay at the G2 checkpoint as
previously reported [43]. Results indicated that perhaps DNA-
PKcs mutant cells showed lower frequencies of chromatid type
exchanges (triradials and quadriradials) when the cells were
irradiated in the late S/G2 phase than when cells were irradiated
during the G1 phase (Figs. 2B and 2D); L-3 cells were an exception
to this, as discussed further below.
In cells proficient in so-called sub-lethal damage repair, there
are marked reductions in effect per unit dose occur when radiation
was delivered at low dose rates [44,45]. For dose rates that are
sufficiently low, repair proficient wild-type cells are able to form
colonies during continuous irradiation at this or lower dose rates.
Mutant cells with even relatively minor defects in critical repair
systems are less able to cope with the continuous irradiation, and
above a critical dose rate have reduced abilities to form colonies
during irradiation [17]. Based on these earlier observations, low
dose-rate assay was carried out for the DNA-PKcs mutant cell
lines used in the present study. In brief, exponentially growing cells
were irradiated for 8 days at dose rates ranging from 1.7 to
5.5 cGy/hour. As illustrated in Figure 3, where the ability to form
colonies is plotted against the dose rate experienced during the 8
day incubation period for colony formation, none of the three
wild-type cell lines evaluated exhibited any significant reduction in
colony forming ability during continuous irradiation at any of the
dose-rates tested relative to unirradiated cells. The cells that
express the L-3, L-10, and L-11 DNA-PKcs mutants, however,
appeared to be even more sensitive than the V3 mutant, while the
L-12 mutant appeared as intermediate in sensitivity (Fig. 3).
The baseline dose-response for SCEs induced by a-particles in
wild-type cells is shown from 0 to 1.4 mGy for CHO, and L-1 (V3
corrected) cells in Figure 4. At the extreme low end of the
sensitivity for SCE induction HRR-deficient CL-V4B (Rad51C),
irs-3 (Rad51C), and 51D1(Rad51D) cells (Fig. 4A) as well as cells
expressing DNA-PKcs with mutations in the T2609 cluster region
(L-3/L-6 cells) (Fig. 4B) showed little or no SCE induction after a-
particle irradiation. At the other extreme, the radiation sensitive
xrs-5, V3, and L-10/L-11 (PI3K domain mutant or kinase dead)
cells displayed large increases in SCE after 0.35 and 0.7 mGy a-
particle irradiation (Figs. 4A and 4B). This contrasts with the very
low or absent induction of SCEs observed in DNA-PKcs mutants
L-3 and L-6 cells. Although FA-deficient KO40 cells displayed
only intermediate radiosensitivity (P. Wilson, unpublished data), a
moderate increase in SCE was observed in KO40 cells similar to
the dose response for wild-type cells over the dose range tested
(Fig. 4A) and this also appeared to be the case for L-12 (multiple
S2056 cluster) and L-14 cells (see table 1) (Fig. 4B). Thus, greatly
increased induced SCE frequencies were found in extreme
radiosensitive xrs-5 and some of the more radiosensitive DNA-
PKcs mutant cell strains including V3, L-10, and L-11, but in
other instances the induced SCE frequencies were either similar to
that for wild-type cells or in some cases no SCEs were induced at
all. (see Figure 4 and Table 2 for induced frequencies at 0.7 mGy
or, on average, 1 track traversal per 250 cell nuclei).
Discussion
We previously reported that V3 cells that express DNA-PKcs
with substitution mutations in involving various regions of the
protein displayed differential radiosensitivities when irradiated
during the G1 phase of the cell cycle [12]. V3-derivative cells
expressing DNA-PKcs mutants at the T2609 cluster (L-2 and L-3)
and the PI3K domain (L-10 and L-11) were extremely radiosen-
sitive for cell killing when irradiated in the G1 phase. In the current
study, we observed the general trend that these DNA-PKcs mutant
cells show increased radioresistance relative to their G1 responses
when irradiated after cells had progressed into late S/G2 phase of
cell cycle (Fig. 1A–D). Ku70/80-deficient xrs-5 cell survival,
however, was independent of the cell cycle occupied at the time of
irradiation. In this, the Ku70/80-deficient cells are similar to
Radiosensitive Effects of Various DNA-PKcs Mutants
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Figure 1. Effect of radiosensitivities on G1- and late S/G2-phase cells. G1 (closed symbols) and late S/G2 (LS/G2, open symbols) synchronized
cells [CHO and AA8 (WT), xrs-5, (A) V3, L-1, (B) L-3, (C) L-10, L-11, and (D) L-12] were irradiated by c–rays and were reseeded immediately for analysis of
colony formation. A colony with more than 50 cells was scored as a survivor. The results are means 6 SEMs from more than three independent
experiments with each cell line.
doi:10.1371/journal.pone.0093579.g001
Table 3. Effect of cell cycle on radiosensitivity.
Cell line D10 dose (Gy)
1
Ratio of sensitivities of S/G2 to G1 cells
2
G1 phase S/G2 phase
CHO 4.1 6.4 1.6
AA8 4.6 7.7 1.7
xrs-5 0.8 0.8 1
V3 0.9 1.2 1.3
L-3 0.9 1.3 1.4
L-10 0.9 1.3 1.4
L-11 0.7 1.2 1.7
L-12 2.2 3.3 1.5
1. D10, radiation dose required to reduce survival to 10% in G1 or S/G2 synchronized cells.
2. Calculated by dividing D10 of S/G2 phase by D10 of G1 phase.
doi:10.1371/journal.pone.0093579.t003
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ATM-deficient cells, which are extremely sensitive to radiation,
display no cell-cycle dependence of radiosensitivity, are deficient in
SLD and PLD repair, and have a high frequency of radiation-
induced chromosomal aberrations relative to wild-type cells [18–
25,46].
The lack of a cell-cycle effect in ATM-deficient cells is likely due
to the fact that ATM is involved in repair of DSB in both NHEJ
and HRR pathways [47,48]. On the other hand, Ku protein is
essential for DSB recognition and DNA-PKcs recruitment through
only the NHEJ mechanism [1]. The lack of cell cycle effect on cell
survival in xrs-5 cells could be explained by the fact that Ku
protects DSB ends from non-specific processing [49], and thereby
reduces the frequency of chromosomal exchange aberrations that
might otherwise develop. The lack of Ku then might further
reduce the proportion of break-pairs that are able to form
exchanges, while at the same time resulting in more chromosomal
breaks that fail to rejoin altogether resulting in deletion type
aberrations. Such a blocking effect on DSB mis-rejoining may
occur throughout all cell cycle phases as Ku exhibits similar
kinetics for DSB rejoining regardless cell cycle status [50]. As we
report here and previously Ku-deficient xrs-5 cells show dramat-
ically increased induction of chromatid breaks but virtually no
exchange aberrations when the cells are irradiated in late S/G2
phase of cell cycle [41]. Interestingly, large increases in both
chromosome breaks and exchanges were seen per unit dose in irs-5
cells when irradiated in G1 (figure 2A and 2B). Additionally, Ku
possesses 59deoxyribose-5-phosphate (59-dRP)/AP lyase activity
that results in excision of abasic sites near DSBs in vitro [51],
although it is not clear whether this activity contributes to cell cycle
effects or aberration formation.
Low linear energy transfer (LET) irradiation induces base
damage, single-strand breaks (SSBs), DSBs, and cross-links
immediately after irradiation [41,45]. SSBs are rejoined in wild-
type cells with a half-time of approximately 10 minutes. DSBs are
more slowly rejoined with a half time of 1 to 2 hours [15,52,53].
Several reports have indicated that a two-component DSB
rejoining system operates with a fast component (t1/2 ,15 min-
utes) and slow component (t1/2 ,1 to 2 hours) [15,52]. Mutations
Figure 2. Gamma-ray induced chromosomal aberrations in G1 and S/G2 phases. Wild-type (CHO), NHEJ-deficient mutant lines (xrs-5, V3),
and DNA-PKcs mutant strains were irradiated with doses of 0, 0.25, 0.5 or 1.0 Gy c–rays during the G1 or late S/G2 phases of cell cycle. Chromatid-type
(%) and chromosome-type (&) aberrations were analyzed and scored as breaks (A, C) or exchanges (B, D). The results are means 6 SEMs from more
than three independent experiments. Statistical analyses on the 0.5 Gy or 1 Gy-induced aberrations relative to CHO cells were performed using t-test.
*, p,0.05; #, p,0.01; &, p,0.001; the black and gray symbols indicate the significant differences in chromosome-type and chromatid-type
aberrations, respectively.
doi:10.1371/journal.pone.0093579.g002
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leading to defects in dealing with dsbs strongly argue that prompt
(or immediate) production of these dsbs by ionizing irradiation are
the most important DNA lesions in cell killing, mutation, and
tumor promotion for carcinogenesis by irradiation [15,45,54].
A close correlation between cell killing and the induction of
chromosomal aberrations has also been reported in a number of
investigations [46,52,55–61]. Our results agree with this conclu-
sion. Cells with mutations in components of the NHEJ system
were hypersensitive with respect to cell killing and chromosomal
aberration induction by c radiation. The degree of hypersensitivity
varied depending on the nature of the mutation, but increases in
numbers of chromosomal aberrations were correlated with
increases in cell death in each of the cell lines.
In addition to the correlation between cell killing and
chromosomal aberration induction, in most, although not all,
radiosensitive mutant cells we observed high frequencies of
chromosome-type aberrations after G1 irradiation and also a very
high frequency of chromatid-types aberrations. In wild-type cells,
most aberrations were of chromosome types when cells were
irradiated in G1. This general observation has been reported for
many radiosensitive DNA-PKcs mutant cells as well as for
lymphocyte and fibroblast cells from ataxia-telangiectasia patients
who have mutations in ATM [20,22,23,46,54,62–67]. Because
virtually all base damaging agents that do not produce prompt
DNA DSBs result in the production of only chromatid-type
aberrations after treatment of G1-phase cells, this suggests that
ionizing radiation-sensitive mutant cells (e.g. NHEJ and ATM
mutations) show both chromatid- and chromosome-type aberra-
tions after G1 irradiation because of a concomitant or partially
overlapping deficiency or competitive inhibition between DSB and
SSB rejoining systems. Late S/G2-phase Ku80-deficient xrs-5 cells
irradiated with doses of 25 and 50 cGy showed extremely high
frequencies of total aberrations, and 80–90% were chromatid-type
Figure 3. Effect of continuous low-dose-rate irradiation on
colony formation. Asynchronous cells were continuously irradiated at
a variety of low-dose rates for 8 days. A colony with more than 50 cells
was scored as a survivor. Means 6 SEMs from more than three
independent experiments are shown.
doi:10.1371/journal.pone.0093579.g003
Figure 4. Induction of sister chromatid exchanges with extremely low dose a-irradiation. (A) Wild-type (CHO) and cells deficient in NHEJ
(xrs-5), HRR (irs-3, CL-V48, 51D1), and FA (KO40) pathways and (B) V3 cells complemented with wild-type DNA-PKcs (L-1) or with mutants defective in
T2609 cluster (L-3/6/14), S2056 cluster (L-12), or PI3K domain (L-10/11) were irradiated with extremely low doses of a-particles. SCEs were scored and
normalized to the basal level of SCEs. Means 6 SEMs from more than three independent experiments are given. Statistical analyses on the induced
frequencies of SCE relative to CHO cells were performed using t-test. **, p,0.01; ***, p,0.001.
doi:10.1371/journal.pone.0093579.g004
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aberrations (Fig. 2). Although xrs-5 cells had an extremely long G2
delay as compared with most other cell lines analyzed upon
treatment with relatively low dose irradiation, these cells did
progress from the G2 checkpoint into mitosis [43]. Hashimoto and
colleagues reported that the Ku 80-deficient cells apparently do
not adequately repair DSBs before moving into mitosis [68]. They
suggested that incompletely repaired DSBs result in SSBs that may
appear as chromatid-type breaks in mitosis. This may be pertinent
to the mechanism of G2-chromosomal hypersensitivity originally
suggested by Sanford and colleagues [69] and by Scott [70].
Three types of dose response curves for SCE induction were
observed when DNA-PKcs mutant cells were irradiated by
extremely low-dose a-particle irradiation (Fig. 4). Moderately
radiosensitive L-12 (S2056 cluster mutant) cells showed similar
(perhaps slightly lower) frequencies of SCEs relative to wild type
(CHO and L-1) cells with up to 1.4 mGy a-particle irradiation
(Fig. 4B). Only 0.8% of the nuclei were traversed by an a-particle
by this dose (i.e., only one cell nucleus in 125 cells was traversed by
an a-particle), so most of the surviving cells expressing SCEs
occurred in unirradiated bystander cells. There were very few or
no SCEs in L-3, L-6, and L-14 cells (T2609 cluster mutant) with
up to 1.4 mGy a-particle irradiation (Fig. 4B). This suggests an
overlap in the functional operation of the HRR system and the
DNA-PKcs T2609 cluster mutant cells of the NHEJ system. The
lack of SCE induction with extremely low dose a-particle fluences
has been previously reported in CHO cell lines deficient in Rad51
paralogs (Rad51C, xrcc2, xrcc3) as well as another essential HRR
protein Brca2 [26,27,71]. This was confirmed for other HRR
mutant cells (irs-3, CL-V4B, and 51D1), which also lacked the
ability to form SCEs in this study (Fig. 4A). We previously reported
that mouse DNA-PKcs 3A knock-in mutant cells (identical design
to the L-14 cell line used in this study) were defective in both HRR
and FA repair pathways [72]. The lack of SCE induction in L-3,
L-6, and perhaps L-14 cells suggests that each individual
phosphorylatable residue in the T2609 cluster might contribute
specifically and distinctively to the functional efficiency of the
HRR process.
When cells were irradiated during the G1 phase, the extent of
cell killing depended on the number of amino acid replacements
within the T2609 cluster. We previously reported that L-6 cells
with a single residue replaced had near wild-type sensitivity, L-14
with three residues replaced was of intermediate sensitivity, and L-
3 cells with six residues replaced was very radiosensitive [12]. The
high radiosensitivity of the L-3 mutant was confirmed in the
present study. Therefore, each phosphorylation in the T2609
cluster contributes to radiosensitivity after low LET irradiation
based on their functionality underlying the NHEJ mechanism, and
phosphorylation of these T2609 residues also influences the
interaction with the HRR system to allow SCE induction after low
dose a-particle irradiation.
In contrast to the lack of SCE induction in L-3, L-6, and L-14
cells (T2609 cluster mutants), a significant increase in SCEs
relative to wild-type cells were observed in L-10 and L-11 (PI3K
mutant) cells. The L-10 and L-11 mutations led to approximately
3 and 10 times higher a-particle induced SCE frequencies,
respectively, than observed in wild-type cells after treatment with
0.7 mGy (i.e., 0.4% of nuclei traversed by an a-particle) (Fig. 4B).
Furthermore, relative to wild-type cells, Ku70/80-deficient xrs-5
cells showed enormously increased SCE frequencies at 0.13 or
0.17 mGy of a-particle irradiation, where on average less than 1
cell nucleus per 1000 cells was traversed by an a-particle. The
reason for difference in sensitivity of one set of NHEJ mutants
relative to the other with respect to SCE induction suggests the
possibility that the wild-type NHEJ system has a minor modulating
effect on the HRR system which is required for SCE formation
after a-particle irradiation [26,27]. Severely reducing or eliminat-
ing the NHEJ function resulted in extreme hypersensitivity to cell
killing and chromosomal aberration induction by low LET
radiation but also removed any interference with the HRR system
required for a-particle-induced SCE. The mutation in DNA-PKcs
that affected phosphorylation of five residues in the S2056 cluster
had only a modest effect on sensitivity of cells to c-rays and no
effect on HRR-dependent induction of SCE by a-particles.
In summary, the present study investigated the differential
radiosensitivity phenotypes of cells expressing different DNA-PKcs
mutants with comparison to cell lines defective in NHEJ or HRR
components. Our new analyses are critical as we proceed with
further mechanistic studies of DNA-PKcs mutations and their
implication in carcinogenesis or other diseases. Significant
alteration of DNA-PKcs expression has been correlated with
cancer progression and resistance to radio- and/or chemotherapy
treatment [73], although less emphasis has been put on mutation
spectra analysis of DNA-PKcs probably due to the difficulty of
analyzing the enormous DNA-PKcs-encoding PRKDC gene.
Nonetheless, several point mutations in DNA-PKcs have been
identified from breast tumor biopsies including a missense
mutation that results in a Thr to Pro substitution at residue
2609 [74]. It is highly plausible that this substitution in the T2609
cluster is the driver for mutation accumulation, genome instability,
and eventually carcinogenesis. With the advancement in deep
sequencing techniques, it is foreseeable that DNA-PKcs mutations
will be identified from tumor biopsies or other diseases. Our
current analyses provide information necessary to delineate the
molecular mechanism of phenotypic differences resulting from
mutations in DNA-PKcs. Phenotypes and molecular mechanisms
underlying them are not always predictable from genotypes.
Author Contributions
Conceived and designed the experiments: YFL HN BPC. Performed the
experiments: YFL HN JRB. Analyzed the data: YFL HN TAK HYS XJX.
Contributed reagents/materials/analysis tools: PFW AK DJC. Wrote the
paper: YFL HN JBL JSB BPC.
References
1. Weterings E, Chen DJ (2008) The endless tale of non-homologous end-joining.
Cell Res 18: 114–124.
2. Kirchgessner CU, Patil CK, Evans JW, Cuomo CA, Fried LM, et al. (1995)
DNA-dependent kinase (p350) as a candidate gene for the murine SCID defect.
Science 267: 1178–1183.
3. Perryman LE (2004) Molecular pathology of severe combined immunodeficien-
cy in mice, horses, and dogs. Vet Pathol 41: 95–100.
4. Fulop GM, Phillips RA (1990) The scid mutation in mice causes a general defect
in DNA repair. Nature 347: 479–482.
5. Kurimasa A, Kumano S, Boubnov NV, Story MD, Tung CS, et al. (1999)
Requirement for the kinase activity of human DNA-dependent protein kinase
catalytic subunit in DNA strand break rejoining. Mol Cell Biol 19: 3877–3884.
6. Chan DW, Chen BP, Prithivirajsingh S, Kurimasa A, Story MD, et al. (2002)
Autophosphorylation of the DNA-dependent protein kinase catalytic subunit is
required for rejoining of DNA double-strand breaks. Genes Dev 16: 2333–2338.
7. Chen BP, Chan DW, Kobayashi J, Burma S, Asaithamby A, et al. (2005) Cell
cycle dependence of DNA-dependent protein kinase phosphorylation in
response to DNA double strand breaks. J Biol Chem 280: 14709–14715.
8. Cui X, Yu Y, Gupta S, Cho YM, Lees-Miller SP, et al. (2005) Autophospho-
rylation of DNA-dependent protein kinase regulates DNA end processing and
may also alter double-strand break repair pathway choice. Mol Cell Biol 25:
10842–10852.
9. Ding Q, Reddy YV, Wang W, Woods T, Douglas P, et al. (2003)
Autophosphorylation of the catalytic subunit of the DNA-dependent protein
Radiosensitive Effects of Various DNA-PKcs Mutants
PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e93579
kinase is required for efficient end processing during DNA double-strand break
repair. Mol Cell Biol 23: 5836–5848.
10. Rothkamm K, Kruger I, Thompson LH, Lobrich M (2003) Pathways of DNA
double-strand break repair during the mammalian cell cycle. Mol Cell Biol 23:
5706–5715.
11. Jeggo PA, Lobrich M (2006) Contribution of DNA repair and cell cycle
checkpoint arrest to the maintenance of genomic stability. DNA Repair (Amst) 5:
1192–1198.
12. Nagasawa H, Little JB, Lin YF, So S, Kurimasa A, et al. (2011) Differential role
of DNA-PKcs phosphorylations and kinase activity in radiosensitivity and
chromosomal instability. Radiat Res 175: 83–89.
13. Stackhouse MA, Bedford JS (1993) An ionizing radiation-sensitive mutant of
CHO cells: irs-20. II. Dose-rate effects and cellular recovery processes. Radiat
Res 136: 250–254.
14. Stackhouse MA, Bedford JS (1993) An ionizing radiation-sensitive mutant of
CHO cells: irs-20. I. Isolation and initial characterization. Radiat Res 136: 241–
249.
15. Stackhouse MA, Bedford JS (1994) An ionizing radiation-sensitive mutant of
CHO cells: irs-20. III. Chromosome aberrations, DNA breaks and mitotic delay.
Int J Radiat Biol 65: 571–582.
16. Lin JY, Muhlmann-Diaz MC, Stackhouse MA, Robinson JF, Taccioli GE, et al.
(1997) An ionizing radiation-sensitive CHO mutant cell line: irs-20. IV. Genetic
complementation, V(D)J recombination and the scid phenotype. Radiat Res
147: 166–171.
17. Priestley A, Beamish HJ, Gell D, Amatucci AG, Muhlmann-Diaz MC, et al.
(1998) Molecular and biochemical characterisation of DNA-dependent protein
kinase-defective rodent mutant irs-20. Nucleic Acids Res 26: 1965–1973.
18. Weichselbaum RR, Nove J, Little JB (1978) Deficient recovery from potentially
lethal radiation damage in ataxia telengiectasia and xeroderma pigmentosum.
Nature 271: 261–262.
19. Painter RB, Young BR (1980) Radiosensitivity in ataxia-telangiectasia: a new
explanation. Proc Natl Acad Sci U S A 77: 7315–7317.
20. Nagasawa H, Little JB (1983) Comparison of kinetics of X-ray-induced cell
killing in normal, ataxia telangiectasia and hereditary retinoblastoma fibroblasts.
Mutat Res 109: 297–308.
21. Dritschilo A, Brennan T, Weichselbaum RR, Mossman KL (1984) Response of
human fibroblasts to low dose rate gamma irradiation. Radiat Res 100: 387–
395.
22. Little JB, Nagasawa H (1985) Effect of confluent holding on potentially lethal
damage repair, cell cycle progression, and chromosomal aberrations in human
normal and ataxia-telangiectasia fibroblasts. Radiat Res 101: 81–93.
23. Nagasawa H, Latt SA, Lalande ME, Little JB (1985) Effects of X-irradiation on
cell-cycle progression, induction of chromosomal aberrations and cell killing in
ataxia telangiectasia (AT) fibroblasts. Mutat Res 148: 71–82.
24. Nagasawa H, Chen DJ, Strniste GF (1989) Response of X-ray-sensitive CHO
mutant cells to gamma radiation. I. Effects of low dose rates and the process of
repair of potentially lethal damage in G1 phase. Radiat Res 118: 559–567.
25. Nagasawa H, Little JB, Tsang NM, Saunders E, Tesmer J, et al. (1992) Effect of
dose rate on the survival of irradiated human skin fibroblasts. Radiat Res 132:
375–379.
26. Nagasawa H, Wilson PF, Chen DJ, Thompson LH, Bedford JS, et al. (2008)
Low doses of alpha particles do not induce sister chromatid exchanges in
bystander Chinese hamster cells defective in homologous recombination. DNA
Repair (Amst) 7: 515–522.
27. Nagasawa H, Peng Y, Wilson PF, Lio YC, Chen DJ, et al. (2005) Role of
homologous recombination in the alpha-particle-induced bystander effect for
sister chromatid exchanges and chromosomal aberrations. Radiat Res 164: 141–
147.
28. Puck TT, Cieciura SJ, Robinson A (1958) Genetics of somatic mammalian cells.
III. Long-term cultivation of euploid cells from human and animal subjects.
J Exp Med 108: 945–956.
29. Thompson LH, Fong S, Brookman K (1980) Validation of conditions for
efficient detection of HPRT and APRT mutations in suspension-cultured
Chinese hamster ovary cells. Mutat Res 74: 21–36.
30. Jeggo PA, Kemp LM, Holliday R (1982) The application of the microbial
‘‘tooth-pick’’ technique to somatic cell genetics, and its use in the isolation of X-
ray sensitive mutants of Chinese hamster ovary cells. Biochimie 64: 713–715.
31. Whitmore GF, Varghese AJ, Gulyas S (1989) Cell cycle responses of two X-ray
sensitive mutants defective in DNA repair. Int J Radiat Biol 56: 657–665.
32. Jones NJ, Cox R, Thacker J (1987) Isolation and cross-sensitivity of X-ray-
sensitive mutants of V79-4 hamster cells. Mutat Res 183: 279–286.
33. Zdzienicka MZ, Simons JW (1987) Mutagen-sensitive cell lines are obtained with
a high frequency in V79 Chinese hamster cells. Mutat Res 178: 235–244.
34. Hinz JM, Tebbs RS, Wilson PF, Nham PB, Salazar EP, et al. (2006) Repression
of mutagenesis by Rad51D-mediated homologous recombination. Nucleic Acids
Res 34: 1358–1368.
35. Tebbs RS, Hinz JM, Yamada NA, Wilson JB, Salazar EP, et al. (2005) New
insights into the Fanconi anemia pathway from an isogenic FancG hamster
CHO mutant. DNA Repair (Amst) 4: 11–22.
36. Chen BP, Uematsu N, Kobayashi J, Lerenthal Y, Krempler A, et al. (2007)
Ataxia telangiectasia mutated (ATM) is essential for DNA-PKcs phosphoryla-
tions at the Thr-2609 cluster upon DNA double strand break. J Biol Chem 282:
6582–6587.
37. Tobey RA, Ley KD (1971) Isoleucine-mediated regulation of genome repliction
in various mammalian cell lines. Cancer Res 31: 46–51.
38. Metting NF, Koehler AM, Nagasawa H, Nelson JM, Little JB (1995) Design of a
benchtop alpha particle irradiator. Health Phys 68: 710–715.
39. Hsu TC, Klatt O (1958) Mammalian chromosomes in vitro. IX. On genetic
polymorphism in cell populations. J Natl Cancer Inst 21: 437–473.
40. Perry P, Wolff S (1974) New Giemsa method for the differential staining of sister
chromatids. Nature 251: 156–158.
41. Nagasawa H, Brogan JR, Peng Y, Little JB, Bedford JS (2010) Some unsolved
problems and unresolved issues in radiation cytogenetics: a review and new data
on roles of homologous recombination and non-homologous end joining. Mutat
Res 701: 12–22.
42. Nagasawa H, Little JB (1992) Induction of sister chromatid exchanges by
extremely low doses of alpha-particles. Cancer Res 52: 6394–6396.
43. Nagasawa H, Keng P, Harley R, Dahlberg W, Little JB (1994) Relationship
between gamma-ray-induced G2/M delay and cellular radiosensitivity.
Int J Radiat Biol 66: 373–379.
44. Hall EJ, Bedford JS (1964) Dose Rate: Its Effect on the Survival of Hela Cells
Irradiated with Gamma Rays. Radiat Res 22: 305–315.
45. Bedford JS, Dewey WC (2002) Radiation Research Society. 1952–2002.
Historical and current highlights in radiation biology: has anything important
been learned by irradiating cells? Radiat Res 158: 251–291.
46. Cornforth MN, Bedford JS (1987) A quantitative comparison of potentially
lethal damage repair and the rejoining of interphase chromosome breaks in low
passage normal human fibroblasts. Radiat Res 111: 385–405.
47. Thompson LH (2012) Recognition, signaling, and repair of DNA double-strand
breaks produced by ionizing radiation in mammalian cells: the molecular
choreography. Mutat Res 751: 158–246.
48. Shiloh Y, Ziv Y (2013) The ATM protein kinase: regulating the cellular response
to genotoxic stress, and more. Nat Rev Mol Cell Biol 14: 197–210.
49. Sun J, Lee KJ, Davis AJ, Chen DJ (2012) Human Ku70/80 protein blocks
exonuclease 1-mediated DNA resection in the presence of human Mre11 or
Mre11/Rad50 protein complex. J Biol Chem 287: 4936–4945.
50. Shao Z, Davis AJ, Fattah KR, So S, Sun J, et al. (2012) Persistently bound Ku at
DNA ends attenuates DNA end resection and homologous recombination. DNA
Repair (Amst) 11: 310–316.
51. Roberts SA, Strande N, Burkhalter MD, Strom C, Havener JM, et al. (2010) Ku
is a 59-dRP/AP lyase that excises nucleotide damage near broken ends. Nature
464: 1214–1217.
52. Fornace AJ, Jr., Nagasawa H, Little JB (1980) Relationship of DNA repair to
chromosome aberrations, sister-chromatid exchanges and survival during liquid-
holding recovery in X-irradiated mammalian cells. Mutat Res 70: 323–336.
53. Iliakis GE, Metzger L, Denko N, Stamato TD (1991) Detection of DNA double-
strand breaks in synchronous cultures of CHO cells by means of asymmetric
field inversion gel electrophoresis. Int J Radiat Biol 59: 321–341.
54. Taylor AM, Metcalfe JA, Oxford JM, Harnden DG (1976) Is chromatid-type
damage in ataxia telangiectasia after irradiation at G0 a consequence of
defective repair? Nature 260: 441–443.
55. Dewey WC, Humphrey RM (1962) Relative radiosensitivity of different phases
in the life cycle of L-P59 mouse fibroblasts and ascites tumor cells. Radiat Res
16: 503–530.
56. Dewey WC, Miller HH, Leeper DB (1971) Chromosomal aberrations and
mortality of x-irradiated mammalian cells: emphasis on repair. Proc Natl Acad
Sci U S A 68: 667–671.
57. Carrano AV (1973) Chromosome aberrations and radiation-induced cell death.
I. Transmission and survival parameters of aberrations. Mutat Res 17: 341–353.
58. Bedford JS, Mitchell JB, Griggs HG, Bender MA (1978) Radiation-induced
cellular reproductive death and chromosome aberrations. Radiat Res 76: 573–
586.
59. Leenhouts HP, Chadwickt KH (1978) The crucial role of DNA double-strand
breaks in cellular radiobiological effects. In: Lett JT, Adler H, editors. In
Advances in Radiation Biology: Academic Press, New York. pp. 55–101.
60. Nagasawa H, Little JB (1981) Induction of chromosome aberrations and sister
chromatid exchanges by X rays in density-inhibited cultures of mouse 10T1/2
cells. Radiat Res 87: 538–551.
61. Revell SH (1983) Relationship between chromosome damage and cell death. In:
Ishihara I, Sasaki MS, editors. Radiation-induced chromosome damage in man
New York: Alan R. Liss. pp. 215–233.
62. Higurashi M, Conen PE (1973) In vitro chromosomal radiosensitivity in
‘‘chromosomal breakage syndromes’’. Cancer 32: 380–383.
63. Taylor AM, Harnden DG, Arlett CF, Harcourt SA, Lehmann AR, et al. (1975)
Ataxia telangiectasia: a human mutation with abnormal radiation sensitivity.
Nature 258: 427–429.
64. Cox R, Hosking GP, Wilson J (1978) Ataxia telangiectasia. Evaluation of
radiosensitivity in cultured skin fibroblasts as a diagnostic test. Arch Dis Child
53: 386–390.
65. Natarajan AT, Meyers M (1979) Chromosomal radiosensitivity of ataxia
telangiectasia cells at different cell cycle stages. Hum Genet 52: 127–132.
66. Arlett CF, Harcourt SA (1980) Survey of radiosensitivity in a variety of human
cell strains. Cancer Res 40: 926–932.
67. Zampetti-Bosseler F, Scott D (1981) Cell death, chromosome damage and
mitotic delay in normal human, ataxia telangiectasia and retinoblastoma
fibroblasts after x-irradiation. Int J Radiat Biol Relat Stud Phys Chem Med 39:
547–558.
Radiosensitive Effects of Various DNA-PKcs Mutants
PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e93579
68. Hashimoto M, Donald CD, Yannone SM, Chen DJ, Roy R, et al. (2001) A
possible role of Ku in mediating sequential repair of closely opposed lesions.
J Biol Chem 276: 12827–12831.
69. Parshad R, Sanford KK, Jones GM (1983) Chromatid damage after G2 phase x-
irradiation of cells from cancer-prone individuals implicates deficiency in DNA
repair. Proc Natl Acad Sci U S A 80: 5612–5616.
70. Scott D, Jones LA, Elyan SAG, Spreadborough A, Cowan R, et al. (1993)
Identification of A-T heterozygotes. In: Gatt RA, Painter RB, editors. Ataxia-
Telangiectasia: Springer Verlag, Berlin pp. 101–116.
71. Nagasawa H, Fornace D, Little JB (1983) Induction of sister-chromatid
exchanges by DNA-damaging agents and 12-O-tetradecanoyl-phorbol-13-
acetate (TPA) in synchronous Chinese hamster ovary (CHO) cells. Mutat Res
107: 315–327.
72. Zhang S, Yajima H, Huynh H, Zheng J, Callen E, et al. (2011) Congenital bone
marrow failure in DNA-PKcs mutant mice associated with deficiencies in DNA
repair. J Cell Biol 193: 295–305.
73. Hsu FM, Zhang S, Chen BP (2012) Role of DNA-dependent protein kinase
catalytic subunit in cancer development and treatment. Transl Cancer Res 1:
22–34.
74. Wang X, Szabo C, Qian C, Amadio PG, Thibodeau SN, et al. (2008)
Mutational analysis of thirty-two double-strand DNA break repair genes in
breast and pancreatic cancers. Cancer Res 68: 971–975.
Radiosensitive Effects of Various DNA-PKcs Mutants
PLOS ONE | www.plosone.org 10 April 2014 | Volume 9 | Issue 4 | e93579
